During laparoscopic repair of massive hiatus hernia, surgical dissection can breach the parietal pleura allowing insufflating carbon dioxide to rapidly expand the pleural space, causing a tension pneumothorax. This extrapulmonary pneumothorax involves no damage to the lung parenchyma. Its rapid resolution is aided by the high solubility of carbon dioxide and it will not refill once the procedure is completed. In this series of 50 massive hiatus hernia repairs the incidence of pneumothorax was 22% (11/50), with two of these being bilateral. Cardiovascular compromise occurred in 91% of those (10/11). The aetiology, pathophysiology and management of this intraoperative capnothorax differ significantly from that of a pneumothorax secondary to lung trauma or occurring during other types of laparoscopy. Understanding the relevant pleural anatomy and pathophysiology of this condition allowed conservative management in all cases and avoided the need for chest drains, open surgery or abandonment of the procedure.
Although rare, pneumothorax has been described as a complication of laparoscopic surgery in up to 2% of patients 1, 2 . The pathogenesis of these has been thought to include iatrogenic pleural trauma, congenital diaphragmatic defects and rupture of pulmonary bullae [2] [3] [4] [5] [6] [7] [8] . It has been suggested that the risk of pneumothorax is increased by patient age, reoperation, size of the hiatus hernia, severity of perioesophagitis and experience of the operator 6, 7, 9 . A four-fold higher incidence was noted by others when the end-tidal carbon dioxide (CO 2 ) was more than 50 mmHg during surgery and 20-fold higher when operative time was over 200 minutes 2 .
The incidence of pneumothorax was also seen to be higher when fundoplication surgery was undertaken and was between 1 and 15.2% 1, 2, 5, 10 . This is because hiatus hernia surgery requires disruption of the peritoneum and an extent of mediastinal dissection. While in many cases no haemodynamic disturbance was reported, marked hypotension, elevated airway pressures and impaired surgical access due to the bulging hemi-diaphragm have led to some authors to advocate management ranging from on-table chest X-ray confirmation, thoracocentesis and placement of intercostal catheters before completing the procedure, or even conversion to open surgery including thoracotomy 5, [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Increased surgical skill and experience with laparoscopy led to the development of techniques that allowed repair of massive hiatus hernias (MHH) with gastric volvulus with minimal complications 6, 10, 15, 20 . MHH repair requires very extensive intrathoracic dissection in the posterior mediastinum where the pleura and oesophagus are closely related. A capnothorax occurs when the parietal pleura is breached by the surgeon allowing CO 2 to enter the pleural cavity directly and under pressure, creating a tension surgical capnothorax 21 .
Our clinical experience indicated an even higher incidence of haemodynamically significant
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Anaesthesia and Intensive Care, Vol. 39, No. 6, November 2011 pneumothorax associated with MHH repair than previously reported. We reviewed our last 50 MHH repairs to determine the incidence, potential risk factors and management of intraoperative capnothorax. We describe the conservative management of 13 capnothoraces in 11 patients with no significant sequelae.
MATERIALS AND METHODS
Review of this case series was approved by the Human Research and Ethics Committee of our institution (project 2011/04).
We defined a hiatus hernia as massive when greater than 50% of the stomach was present in the mediastinum, either on barium meal radiograph, computed tomography scan, gastroscopy or at surgery. Bowel and omentum may also have been present in the hernia.
The medical records of patients having laparoscopic repair of MHH in the five years from 2005 to 2009 were reviewed for the incidence of capnothorax. Age, gender, American Society of Anesthesiologists physical status classification, body mass index, previous abdominal or intrathoracic surgery, concomitant pulmonary disease, operative time and length of stay were recorded. Changes in arterial blood pressure, pulse rate, end-tidal CO 2 and SpO 2 at the time of the capnothorax were tabulated as was the frequency and presence of a pneumothorax in early postoperative chest X-rays. The size of the hernia was assessed preoperatively by barium meal radiograph, computed tomography scan and/or endoscopy, as a percentage of the stomach having herniated above the diaphragmatic hiatus. The size of the oesophageal hiatus was assessed indirectly by the number of sutures required for its repair.
Diagnosis of capnothorax was made either by the surgeon visualising the pleural defect or on postoperative chest radiograph. Tension capnothorax was diagnosed clinically when a fall in arterial blood pressure occurred with other supportive clinical signs. Haemodynamic improvement was rapidly achieved by deflation of the pneumoperitoneum, surgical suctioning of the intrapleural space and subsequent reduction of the insufflation pressure. Vasopressors were given as needed. After correction of hypotension, the addition of positive endexpiratory pressure was instituted to assist lung re-expansion and impede further intrapleural gas collection 12, 22 . If the capnothorax recurred despite the above measures, the pleural breach was clipped or temporarily occluded with a small surgical swab to allow completion of the procedure. At the end of the procedure, repeated intrapleural and mediastinal surgical suctioning, with the patient head-down during several Valsalva manoeuvres, was performed to aid elimination of insufflation gas.
Early in the study period, a postoperative chest X-ray was routinely performed after a capnothorax occurred or if routine intensive care admission was required due to comorbidities. Towards the end of the review period, X-rays were performed only if clinically indicated.
Statistical analysis was performed using with StatsDirect software to calculate rates, means and standard deviations. Means of continuous data were compared using the unpaired t-test. Comparison of categorical variables was performed with Fisher's exact test. P <0.05 was used to define significance.
RESULTS
Eleven patients (22%) suffered 13 intraoperative capnothoraces, two being bilateral. Five were rightsided and eight were left-sided. Ten patients exhibited haemodynamic compromise evidenced by a fall in arterial pressure of between 30 and 60% from the pre-induction value, prompting the diagnosis and indicating the capnothorax was likely under tension. Changes of more than 10% in heart rate and arterial oxygen saturation were not seen. End-tidal CO 2 was between 30 and 40 mmHg in all patients at the time of diagnosis of capnothorax with intrapleural tension. In all these 10 patients the surgeon indentified a pleural defect. In one patient, small bilateral apical capnothoraces were diagnosed on a postoperative chest X-ray performed during a planned intensive care unit admission, despite the lack of intraoperative suspicion or clinical signs. Patient demographic data were similar with or without capnothorax (Table 1) .
Capnothorax was associated with a shorter operative time but not larger gastric herniation or hiatus size. Previous abdominal or thoracic surgery and redo surgery were not associated with an increased risk of capnothorax. Patients who had had previous upper abdominal surgery had longer procedures, perhaps reflecting the increased incidence of adhesions ( Table 2) . Twelve patients had early postoperative chest X-rays, two after planned intensive care admission. In one of these, asymptomatic, small bilateral apical capnothoraces were present despite no obvious intraoperative pleural damage or haemodynamic instability. One other patient had severe chest pain and surgical emphysema in recovery and a chest X-ray was performed to exclude pneumothorax. None was found. No other capnothoraces were detected and no patient required intrapleural aspiration or conversion to open surgery.
DISCUSSION
Although the retrospective nature of this study prevents accurate analysis of these events, we hypothesise that capnothoraces associated with MHH repair have a different aetiology from other cases of laparoscopy-associated pneumothorax and are characterised by rapid onset and significant haemodynamic compromise. Many authors have reported that pneumothoraces occurring during laparoscopy do not lead to haemodynamic compromise 5, 6, 15, 16 . However, in this series, sudden, marked hypotension followed capnothorax formation in 10 of 11 cases. We feel this is because the pleural defect affords direct access of high flow insufflating gas to the pleural cavity. Cardiac output, already reduced, is further compromised by the rapidly increasing intrapleural pressure, possibly causing mediastinal shift, cardiac compression and further reduction in filling pressure. The speed of onset of haemodynamic disturbance is probably related to the size of the pleural defect, the degree to which it acts as a flap valve and the patient's physiological reserve. This argument is supported by the correspondingly rapid recovery of all patients after transabdominal intrapleural suction, reduced anti-Trendelenburg positioning and a slow reintroduction of insufflating CO 2 . Indeed, the speed of onset of tension that occurs with direct insufflation via pleural tears must lead to more severe haemodynamic changes than that due to slow diffusion via peritoneo-pleural pores. We hypothesise that the rapid haemodynamic compromise seen in our patients required such urgent treatment that the increased end-tidal CO 2 reported by others may not have had time to occur.
Unless damage to lung parenchyma has occurred, chest drains or other invasive techniques to relieve the capnothorax are not required either as an emergency or postoperatively. Intraoperative recognition of the capnothorax allows more complete surgical aspiration of the pleural cavity under direct vision. Any residual carbon dioxide will be rapidly reabsorbed.
Postoperative erect expiratory chest X-rays may be used to confirm resolution of the capnothorax, but can safely be reserved for those patients whose clinical condition suggests significant residual capnothorax or perhaps another pulmonary pathology. A small residual capnothorax is clinically insignificant and will re-absorb quickly. Symptomatic capnothoraces however, could be drained with a pleural catheter. Due to the techniques described above to re-expand the lung and the rapid reabsorption of CO 2 , intrapleural drainage has never been required in our practice.
The only potential risk factor identified by this series was a reduced surgical time. Whether this reflected an increased potential for pleural damage with operator speed or a more rapid completion of the surgery after the occurrence of a tension capnothorax was not explored in this study.
Further prospective trials will help elucidate those factors that increase the risk of haemodynamic compromise with a tension capnothorax. These factors could include higher preset insufflation pressures, larger tidal volumes, early introduction of positive end-expiratory pressure and a larger hernial sac with its prolonged and more extensive intrathoracic dissection.
Minimising the tidal volume to that consistent with adequate ventilation will reduce lung excursion on inspiration and may decrease the incidence of pleural damage and reduce the effect of intermittent positive pressure ventilation on cardiac filling pressure. At the completion of the intrathoracic phase of the procedure, larger tidal volumes and positive end-expiratory pressure will aid CO 2 . It has been suggested that the addition of positive end-expiratory pressure equivalent to the abdominal insufflation pressure will minimise the collection of the intrapleural CO 2 (S. Macklin, personal communication 2011).
This condition varies from previous reports of similar situations in that there is an intraoperative marked and sudden cardiovascular decompensation that can be managed without intercostal drainage or open surgery. Awareness of the potential for tension capnothorax during MHH repair, its expeditious diagnosis and conservative treatment is critical to patient care.
It is our clinical impression that our increased awareness of the risk and causation of the pneumothorax with this particular pathology has led to a marked reduction in its incidence, particularly due to the surgical identification of the pleural reflection and its variability of position. This is consistent with previous opinion in other areas that after 30 to 50 cases, operator experience leads to significant reduction in complications 6, 9, 20 .
CONCLUSION
The incidence of capnothorax in this series of 50 laparoscopic massive hiatus hernia repairs was 22%. Ninety-one percent of these had a visualised pleural defect and all of these experienced significant haemodynamic compromise. In this series the only factor identified as being associated with tension capnothorax was reduced operating time. Capnothorax was not associated with larger hernias, previous surgery, elevated end-tidal CO 2 or longer operating times as previously reported. Conservative management with haemodynamic support, transabdominal aspiration of the pleural cavity and minimising insufflation pressures avoided the need for intrapleural drainage or conversion to open surgery. Postoperative chest radiographs can be reserved for patients with clinical symptoms or signs indicating residual capnothorax.
